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What is virtual process engineering

Virtual experiment and measurement on digital processes in computers

High fidelity: Indistinguishable to the real processes
Realtime/quasi-realtime

High flexibility: Virtual and real systems integrated:
experiment-measurement-computation
-visualization-control integrated

High efficiency:  Within reasonable cost and complexity

New R&D and training/educational platform

Ge et al. 2011 Chem. Eng. Sci. 66:4426-4458; Liu et al. 2012 Chem. Eng. Proc. 108:28-33



Why
discrete particle methods



Challenges of multi-scale simulation

meso-scales
no matured theory

direct simulation
tooo00 costly

molecule assembly particle cluster reactor



Advantages of discrete methods

A

Locality

Additivity

Similarity
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MD MC PPM, DPD LBM, ...

DEM SPH PIC MaPPM, CG-DEM, ...

Xu et al. 2015 Chem. Eng. Sci. 121:200-216




Software-hardware co-design

Graph- or Multicore
N . Matrix- _ MIMD
Based (e.g., CPU)
algorithms

o : .. Particle- ME BT

o o — - MIMD
o @ ° based MIC
.... ® algorithms e.9., )
Manycore

Lattice- SIMD
based T (e.g., GPU)

algorithms
model software hardware

>

Ge et al. 2015 Chem. Eng. & Tech. 38:575-584 structural consistency



Multi-scale node architecture

QDR IB QDR IB
<CBLS 5y Intel E5640 <S2L5>
‘ CPU‘ ‘ CPU‘ 4C @2.6GHz
224.9Gflops
< :> PCI-E
8GB/s
MIC Inter Xeon Phi 3120a
57C @1.1GHz
(= | 1000Gflops
G GG |IG|G
P P|P|P]|P 5x nVIDIA Tesla c2050
U/ U uUuju]lu 448C @1.15GHz
515Gflops
Architecture Layout Configuration

Li et al. 2014 Particuology 15:160-169; Ge et al. 2015 Chem. Eng. & Tech. 38:575-584



Greenest petaflops supercomputer in 2010

Rpeak SP: 2.26Petaflops ~ 103> Mole-flops
Rpeak DP: 1.13Petaflops ' '
Linpack: 496.5Tflops (19, Top500, 2010)
Mflops/Watt: 963.7 (8th, Green500, 2010)
memory: 17.2TB (RAM), 6.6TB (VRAM) y
storage: 76TB (Nastron)+320TB (HP)
network: Mellanox QDR InfiniBand
occupied area:  150m? (with internal cooling) P
weight: 12.6T (with internal cooling)
max power: 600kW+200kW (cooling)
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GPU performance in DEM simulation

Configuration
Cases NmIrticles
1 7,220
2 120,159
3 240,318
4 480,636
5 961,274
6 1,922,548
7 3,845,096

Xu et al. 2016 IPE Internal Report

Parameters

State: compact packing (most colliding neighbors)
Box: 80x40 x20 m3

Radius of particles: 12.5 mm

Time step: 10%s

Grid size: 2 times of diameter of particles
Neighbor searching cutoff: 2 times of diameter of
particles

Average neighboring particles in neighbor list: ~20

packing state



GPU performance in DEM simulation

14.0
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8.0
6.0
4.0
2.0
0.0

/time (108)

step

Speed of different models
Nparticle*N

M hooke (2 GPUs) ®m simple (2 GPUs)

hooke (6 GPUs) m simple (6 GPUs)
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120159 240318 480636 961274
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Full scale simulation of a blast furnace

storage

distribution

Ren et al. 2015 Internal Report



Example |
Discrete particle simulation
of gas-solid flow



CFD-DEM method

fluid phase Navier-Stokes equation
¢ / . 8(5,0 )
mass conservation N9 vy u)=0
ot (ep,1)
0l ep, U
momentum conservation %+V -(gpguu)
=—eVp+V-(et)+ep,9+F,
! Fo =g 1
Coup lng . Vcell iecell I
discrete element method

m, % => fs+f? +mg

J

dm.
] —L — .
o>,

solid phase



More efficient discrete methods

Upgrading
scales of <
description

Stochastic DPM

Monte Carlo motion, individual particles

Particle in cell
continuum stress laws, representative particles

Smoothed particle hydrodynamics
continuum stress laws, swarms of particles

-

Coarse-grained particles
discrete element models, swarms of particles

Simplifying
interactions

14



Development of coarse-grained models

N N

* The modification of micro-dynamics on particles (Similar particles assembly, SPA)

The k3 real particles are represented by
k coarse-grained particles and

d_=k3d,

dvy
dt
= k>(Fgqo —VoVP + X Fco + Go)

m, =Fd,c—vc\7p+ch+Gc

** In addition, the coefficient of restitution is modified as (MSPA):

lnec _ \/ﬁ

1neo

* Sakai et al. 2010, Int J Numer Meth Fl. 64:1319-1335 ** Benyahia et al. 2010, Ind Eng Chem Res. 49:10588-10605

15



Development of coarse-grained models

Modification of fluid properties for constant Re and Ar (Principle of similarity model, PSM)

Hg,c _ kz Pg,c — k
Hg,0 Pg,0

1 3 3 1 3 3
G, = pp,cgﬂdcg =k pp,OgT[dOg =k>Gy

B Bo
Fg,C = ( ¢ (ug,c — vp,c) — VP VC = 1— (ug’o — vp,()) — VP k3V0 = k3Fg,0

1—¢. €0
Mg c kzp-g,o
Umf. = f(Ar) = f(Ar) = Umf,
‘ pg,cdc kng,odo |

No change to the particle-particle interactions

*Liu et al. 2013, 14t International Conference on Fluidization . 16



Coarse-graining with statistical equivalence

k3(1-g.cp) real particles are lumped
into k coarse-grained particles with

d_=k3d,

)
19
& 000

dpe =dc(1— gCGP)l/B

G, = k3(1 — &cqp)lo

Nn,ccp
1 3T 3
Fgrac=—( ) Zmd})VP = —(1 - ecp)le® = d3VP
i=1

ec = \/1 + k(e —1)(1 — ecep)t/3

ﬁEMMS
Fd,c =

=7_ (ug —veep)Veep
€cgp

Lu et al. 2014 Chem. Eng. Sci. 120:67-87
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Derivation of the coefficient of restitution

1
ineti : AE ==m(e* -1)(Kiv, )
Kinetic energy loss: 5 ME -D(kiv)

Collision frequency: f, =4n°d 2\/”@90(6‘9)

2
Original system: AES,p =AE- 'Vsys =M, Nst(es —1)‘kgvr,p Vﬂ@pgo(gg)

Coarse-grained system: AE, cop = mCGPNéGPthC (eCZ:GP _1)‘kmvr,cep‘2\/7z®cep gO(gg)

Ccor = \/1+ (es ~Dk(A-£egp)™”

18



Critical parameters from EMMS

T U, ¢us

——————————————————————————————————

Lu et al. 2014 Chem. Eng. Sci. 120:67-87

Structure:

At min> Aegn

cl,min

f

EMMS

gcl,max > gcgp

Drag:

CD,cgp=CD,EMMS

19



Simulation of a bubbling fluidized bed

MSPA
e e— o~

0 ¢

Ve |
e O o |

3.0 5.0 1D 10.0 Experiment

Zhang et al. 2017. Submitted to Powder Tech. 20



Flow distribution

Traditional approach ignores meso-scale structure
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Structure-based flow distribution
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Xu, Ge & Li 2007 Chem. Eng. Sci. 62:2302
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Slugging: simulation vs experiment

DPM only
Xu, Ge & Li 2007 Chem. Eng. Sci. 62:2302




Simulation of lab-scale CFB riser

Experiment: Simulation:
Chem. Eng. Sci. Xu et al. 2012 Chem.
49:2413, 1994 Eng. J. 207:746-757

Up to 10 million particles
100mm ID x 6m in 2D, 20x(CPU+GPU)
DPM DPM+EMMS Speed at ~0.2s per day using ~0.5us time step

24



Scale-independent clustering from DNS

92 - Our results:
. 1 million particles, 1 billion lattices
. / ——n . .
°e /l entering the scale-independent
. . domain for the first time.

- -

Previous ?_ |
-
results: >,
~100 ,
particles .,

R i
K ot
s Ll
ch) a
X® n
E: 3
i I
- B 2t
oy (h
L O

Ge et al. 2011 Chem. Eng. Sci. 66:4426-58; Xiong et al. 2012 Chem. Eng. Sci. 71:422-430

8.0

0 176 352 528 704 880 1056 1232 1408 1584
Domain width
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Drag characteristics revealed by

| 10 3 |
Spatial E
distribution w
.1 ‘,ﬂm
F(Reprq)' | V(plle)

Magnitude
& direction

Zhou et al. 2014 Chem. Eng. Sci. 116:9-22

26



Flowchart for CFD-DEM coupling

Init Init
Write gas info to Write particle info to
shm_cfd shm_dem

L )

Read gas info from

\J

Read particle info from

i shm_dem coupling step shm_cfd
only
CFD . : ) : DEM
g FVM on CPU DEM on GPU S
2 7
5 I =
: : \ J o)
Write gas info to Write particle info to
shm_cfd shm_dem
No @ @ No
Yes Yes

Lu et al. 2016 Chem. Eng. Sci. 155:314-337 97



Overlapping of computing & communication

inner

outer

particle order & storage

Lu et al. 2016 Chem. Eng. Sci. 155:314-337,

updatel (x/v/o)

\J_L
-
\\/

communication

I

\V/

force

E /
~,

update2 (v/o)

main tasks

Xu et al. 2016 Huagong Xuebao 67:14-16 (In Chinese)

communication

outer

updatel (x/v/o)

-copy to cpu-

—_—

cuda barrier

| send recv

| -copv to gpu-

__________

—_

force collide

cuda barrier

update? (v/o)

inner

updatel {x_z‘vfo}l

gravity

force collide

other forces

cuda barrier
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Irregular space decomposition

Xu et al. 2016 Huagong Xuebao 67:14-16 (In Chinese); Xu et al. 2017 IPE Internal Report

29



3D simulation of a lab-scale riser in DPM

14M CGPs for
~7G 80pum RPs
120x(CPU+GPU)
@ ~12s/day
with At=10us

global EMMS
model Initial
¥ condition

& stress
models

Lu et al. 2014
Chem. Eng. Sci.
120:67-87

Voidage

o
094
o
0%
0%

o2

Iﬂ.l"l

3D

x-y plane x-z plane he=200mm

t=6.0s, n=16888, v,=3.00m/s

t=7.0s, r=17418, v,=2.99m/s

t=8.0s, n=14905, v,=2 99m/s

30



Example II
Hard sphere/Pseudo Particle
Modeling of high Kn flows



Interface of chemistry & chem. eng.

chemistry <<

f'

\—

intrinsic
kinetics

activation
center

pore
size & structure

7

particle

hydrodynamic
behavior

interfacial
diffusion

lifespan

coupled models, concurrent computing

~

V\ strength &

chemical
engineering

32



Challenges at the “interface”

e |ack of scale separation

e Strong scale dependence of properties
e Strong non-linear effect (e.g., non-Newtonian, slip...)
e Strong non-equilibrium effect (e.g., anisotropic)

Continuum methods are invalid =—>
Discrete methods are expensive =—>
Efficient algorithms & supercomputing

33



Two categories of MD methods

m Soft Sphere (SS) CEICN WEEIGS

Aleorithm time-driven event-driven
8 (synchronized) (asynchronized)
Pros <calable accurate (machine err.)
efficient (dilute)
inefficient (dilute) non-scalable
Cons

inaccurate (hum. err.) (NlogN — +/N)

34



Hard sphere model and algorithm

Initialization H Construct FEL&CBT}

Winner from CBT J

[ Move to new cell } [ CoII;;ion } N

Update FEL&CBT

)

)

Y
Time

35



Scalability of the event-driven algorithm

1024 L
512 | oo
3 .~~~ Available HS
0
- i
S 256 |
] C
0]
w
b 128 | Ideal HS__
64 | . '
32:;IlllllllllllIltIIIIlIIllII!llII1ll||l|||l!l|||l|IIIIIIlIIlIIlIiIIII
1 2 4 8 16 32 64 128

process number

Zhang, Shen & Ge et al. 2016 Molecular Simulation 42: 1171-1182

dash line: Available HS

Miller et al., 2003. Computational
Physics 193, 206-316

dash-dot line: Ideal HS
parallelized perfectly
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Pseudo-particle modeling for dilute gas:

a combination of SS & HS

Vl' —v 4 (I+e,)m, (v, _Vz)'(Plz_ P,)
m, +m, (P,—P)

\ \

(Pz _Pl)

77

t t+1 a t+1b t42 ¢

Ge & Li 2003 Chem. Eng. Sci. 58: 1565-1585; Chen & Ge 2010 Particuology 8:332-342

37



PPM for flow simulation

-1 N

E

‘ InVAF

Long-time tail of

the velocity auto-correlation function (VAF) TS waves in duct flow & Flow past a single cylinder

38



Properties of the pseudo-particles

Obtained in equilibrium molecular dynamics simulation

Mean free path 1=2_s /ncolls

Pressure PV = NKkgT + Yool
dlm e (%; b
Self-diffusion coefficient D =———lim(|r, (t)—r, (0)[")
_________________ E RN U
. _ o 50000033800
Obtained in non-equilibrium oXellcXelcNolloNol[oNe
. . OO0OO0OO0O0OOOOO0
molecular dynamics simulation coooolooooo
O OOO0OL OO0y
ng ORCGHONOHOIGHCHOHHON®
Shearing viscosity v = % 0000000000
12Um ONGHONOHONOIOROHON®
ONGHONOHONOHOROHON®
OO OOOO0OOO0 §“
Chen & Ge 2010 Particuology 8:332-342 [ 7TTTTTTTOOT Ee‘ri‘oaiz\‘?\;;l]n‘daﬁe; ““““““
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Effective self-diffusion coefficient

2D

5 = 1—1n/2
2
Hard shere (1—7)
model
E 10,
a ]
5 14
2 ;
S 0.1
o E
S oo1] ¥
8 + Simulation value D__/(ov,) ’
S ] Enskog value D_/(ov,) i
7 1534 s
g 3 i....
S 1E-4; X
S ] A
E 1e5 —
0.01 0.1 7~0.70 1

Effective packing fraction 7

3D

1—1n/2
X = 3
(1—7)
1/2
5 _ De _(z)"?1.01896
c = — | =
oV, 3 1677y
F
2 104
g
g 017
=
% 0.01 4
= 1E-3] « Simulation value D__/(ov,)
n Enskog value D_/(ov
8B 1E-44 9 /(o) -
S ’
‘3 1E-54 '
C 3
£ 1E6. :
a 1E-3 0.01 0.1 7~0.55 1

Effective packing graction 7
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Effective shearing viscosity

2D 3D
Hard sphere

1—177/2 1—77/2
model X = 2 X=T_
(1-7) (1-7)
1/2 1/2 2
« 1 (nx > - 5 T 8 768 2
ve =—| = —+2n+|1+— | x77 e = 1+—xn | +——(x7)
8\ 2 X 96 y77 3 5 257

— 4 ’g 5

B 1 = I

= = 44

%‘ 37 e Simulation value v, /(ov,) § i ) _

8 | Enskog value 1./(ov,) 2 3 « Simulation value v /(ov,)

.2 = 7] Enskog value 1v./(ov,)

2 2 £ -

@ 2

5 2

2 £

£ M 8 1-

a8 T
£ 1

0) T T T T T T T T T T T T T & o T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.1 0.2 0.3 0.4 0.5
Effective packing fraction 7 Effective packing fraction 7;
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Simulation of dilute gas
Hard sphere + pseudo-particle model

ing

1——T——
1 1 1
1 1 1 1 1 1

L
I
I
b=
I
I
T
I
I
1
L
I
[
I
I
=
I
I
L
I

EE
1
1

'I"":“T_-l'
1

1
]
-
]
1
J
]
1
-
[]
1
-]
1
]
J
]
]
J
]
]
-l
]
1
-
i
L]
i
]
]
- |
1
]
-
]
1
‘
1
1
- |

] I
——b__1_ 0 0__1_8

-

PPM

Zhang, Shen & Ge et al. 2016 Molecular Simulation 42: 1171-1182
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f/ seconds
N
(8]
(9)]

32 -III L1 1 1 11 11

Demonstration of scalability

1024 |

512 E

128

" Available HS

Ideal HS_J_

T T HS-PPM

64 Lk

IIIIIlIIIIlIlIlIIIIlIIlIIIIIllllllllllllllllllIIIII] I

2 4 8 16 32 64 128
process number

Zhang, Shen & Ge et al. 2016 Molecular Simulation 42: 1171-1182

dash line: Available HS

Miller et al., 2003. Computational
Physics 193, 206-316

dash-dot line: Ideal HS
parallelized perfectly

dash-dot line: HS-PPM
multiple processes with same
scale on each process
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Simulation of flow past a single sphere
4 A

5

Ma=3.865

Temp O/EO Re= 104

control 7 W

k-

16 200 200

simulation

experiment (upper bound) /

15 R==2oo2s e I
experiment (average)

150 150

experiment (lower bound)
14
a=0.8
- 2008 > 100

(=]
O 13t
150 |
> 100 ERNEL ..)‘T; 50
12 F - N
L ‘ :
;!5
11+ " 50 X 100
1 n 1 n 1 i 1 1

0.0 02 04 0.6 0.8 1.0
o

Comparison of the drag coefficients from simulation with experiments Flow field across the shockwave

> 100

0.12 50

50 100

X
| velocity field




Simulation of flow past a single sphere

200 B
L 251
4 L
| C
al 20
A
QU S I
2
15}
1

150
B
f B
0 20 40 X t;c sl: 1;)0 ; 1c.)o 1;0 1:10 v 1éo
>100 D
5.5
4 L
35 0.06 | n
50 3 _
25 0.020 |-
2 e 0.04 |- B e
1.5 L
; ; el A 0015 |- c
" | S
'U EU x 1ﬂﬂ 15{1 0.00 0.010 |-
) ,'] zln 4'0 % alu alo “;, 100 120 140 . 160 180 200
(a) denslty (d) y=100 (e) x=100

Flow distribution at two planes across the shockwave

47



The diffusion between two chambers

3000 |-

2500 |-

T e T
A ¢ B
* . 2000 |-
° Length unit: nm
T=273K
100 P=4.625atm 4q { vacuum 100 o 1900
°  Kn=13793 <
° ~"
s 100 1000
[ ] [ ]
x|° ° . X 500 |-

—— 100 —— I

0 1000 2000 3000 4000
t/ ps

The number of particles (NB) in chamber B during
Zhang, Shen & Ge et al. 2016 Molecular Simulation 42: 1171-1182; the diffusion process

Zhang et al. 2016. Comp. & Appl. Chem. 33(11):1135-1144 (In Chinese)
48



Effect of coke on gas diffusion in zeolites

Coke Model | Coke Model Il

ZSM-5 zeolite (MFI) : 8 X8 X 8 (u.c)
Gas properties similar to methane
at 723K & 1tam

Gas loading: 4 molecules/u.c.
Coke deposition at T12 sites.

e g

1
1

Li, Zhang, Li, Liu & Ge,
Chemical Engineering Journal,
L P . .o . o o 2017, 320: 458-467

T T T T T
a 20 40 60 80 100 0.0 02 0.4 ¢ 0.6 08 10
b

The self-diffusion coefficient (10°m’s
The self-diffusion coefficient (107 m’s™)
sy
1

Coke amount (%)

Self-diffusion coefficients vs. coke amount for the two coke formation mechanisms
49



Flow-diffusion-reaction in a porous particle

0 10 20 30 40 50
X (nmy)

The number density distribution of products

Temp
control

£
g=om V|

60nm

Solid material structure
similar to ZSM-5

Gas properties

similar to methane
at 723K & 1tam

Zhang et al. 2016 /PE Internal Report
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Virtual Process

Engineering
from reactions to reactors



The VPE platform at CAS-IPE

Controller
1. Control system;
g I(\:A'::sr:raec::c:;t instruments :{ co m p ="
- Measurement H
On-line visualization: . ignall— Signal &__ v 1l _ = PN
R e T~ |data A

el [ Control <&~ -_ Processing

instruction
# A5t
7 b
L i
o1
o] "
i :
= =
i v
. L) L) . j i . . X
Visualization -, Simulation

Parallel visualization
(Display wall)

System console
(User interface)

1l

Experiment - Measurement - Computation - Visualization - Control integrated
Ge et al. 2011 Chem. Eng. Sci. 66:4426-4458; Liu et al. 2012 Chem. Eng. Proc. 108:28-33 52




Offline = Online interactive simulation

Quasi-realtime

of ;;zsi?:éof;low 3 _
real solids: ~ ~ 10 billion | #
CG solids: ~ 0.3 million ]
d: 200 microns i #
~1/30-1/50 realtime speed o g \(
@ 0.1ms time step - ._Z T

— T

. 0 0.05 0.1 0.5
solid fracrion(-)

Operation History

{ i . I
] %
{ 2]
l = §5€
Ge et al. 2015 Chem. Eng. & Tech. 38:575-584; 24 fr |
B
Lu et al. 2016 Chem. Eng. Sci. 155:314-337 3_;
2
Xu et al. 2017 Internal Report 1;

rima e



Discrete simulation of a CFB at lab-scale

] decomposition
Phy5|cal system -------------------- . scheme
: | 1
| | — 57
6
. coupling

| Simplified
! two-fluid
model for
developing
period

Xu et al. 2017 Internal Report

CG-DPM for
steady state
dynamics

l

o 4
: é

4.061

3.365

2.669

T|1|M1rr|r|||n|rm

—1.973

E'[ 278

Velocity

CG

ratio

Particle size
distribution

N

particle

Neel
K80
CPU
dtygiig
dtg,s

Speed

3

10“%m
(1.231.85 2.46)
%mass
(5 90 5)

81.5 Million
94,694
54
108 cores
2.0e-6
4.0e-5
~40s/day
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Very long time simulation at industrial scale

) — — T T T T 1 |
i oeu 30 1 -
DPM2D i
0.8 25 ‘l -
y
B
06| i\ ——g 2.0 1
o s
: ~e E T \\ 2 15 A
o \:1’ i 04|
=~ -~ 10 + -
\‘! 02} .\\1 -
Y 0.5 | -
0.0 s . . . . . . 0.0 . I . 1 . I . I . 1 I ‘
00 01 02 03 04 05 06 0 1000 2000 3000 4000 5000 6000 7000
Time averaged axial solid volume fraction Residence time (s)
22x(CPU+GPU), 640s/day, 6800s totally
Lu et al. 2016 Chem. Eng. Sci. in revision; TFM data from Lu et al. 2015 Internal Report 55



Reaction-diffusion-flow coupling

Xu et al. 2015 Chem. Eng. Sci. 121:200-216

1.02-
1.01-

—— Kn=0.185 ‘;\
—— Kn=0.154
—— Kn=0.132 \
J —— Kn=0.116 \
—+— Kn=0.103
7 —— Kn=0.092 v




Inflatable reentry vehicle experiment (IRVE)

3.0 m diameter

=

'Q—bl Stowed Dia. 0.39 m
I
i

16m
0.15m radiu o
(7 places)
Restraint / TPS
Inflatable bladder
(skin & spars)
Case Ma Kn dus dpp T Vi Vn n
IRVE 3.99 0.0168 | 0.0600 | 0.0632 188 0.0675 | 0.201 | 3.5x1073
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Simulations

Shape of IRVE

150

The flow field
and
temperature

distribution of > 100 -
the simulation :
of IRVE

50

00 20 40

X

Zhang et al. 2016. Comp. & Appl. Chem. 33(11):1135-1144 (In Chinese)

60

80

0.024
0.022
0.02

0.018
0.016
0.014
0.012
0.01

0.008
0.006
0.004
0.002
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Full system test on Haihu Light (125PF)
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from Reactions to Reactors

Rcp= ratio of h V
computing time to | 1
real time ;
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solid particle: CPU
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